In this study, the effects of the addition of 3.01% Cu on the corrosion behaviour of cast duplex stainless steel aged for 1 h at different temperatures between 450 and 600
Introduction
Duplex stainless steels (DSSs) have a two-phase structure comprising island-like austenite (␥ phase, fcc) in a continuous ferrite matrix (␣ phase, bcc) [1] [2] [3] . The relationship between the two phases is usually about 50% (by volume fraction). Cast DSSs are used in cooling water pipes, valve bodies, pump casings and elbows of light water nuclear reactors due to their excellent characteristics, such as high strength, ductility, good weldability and excellent resistance to stress the spinodal decomposition of ferrite into Cr-rich ␣ ′ and Crdepleted ␣ ′′ and the production of a Ni, Si, Cu, Mo-rich G-phase precipitate [9] [10] [11] [12] . Some commercial duplex stainless steels contain 0.5-1.0 wt.% copper to improve corrosion resistance by reducing the corrosion rate in non-oxidizing environments, notably sulphuric acid [13] [14] [15] [16] . The solubility of copper is relatively high in austenite (∼4%) and low in ferrite (∼0.2%) [17, 18] . Ageing after solution treatment causes significant hardening by precipitation of fine copper precipitates (-phase). The small particles of this phase (<300Å) contain up to 96 wt.% Cu [17] . Thus, a higher copper addition (≥2%) can also introduce precipitation hardening, as done in other types of stainless steel (ex.: 17-4PH martensitic steel). This strengthening mechanism is especially useful for cast components that cannot be thermomechanically treated to improve mechanical resistance. However, the effects of Cu addition on the localized corrosion performance of aged alloys in chloride media have not been clarified sufficiently and there is some controversy in the literature regarding stainless steel composition and experimental conditions (pH, temperature, chloride concentration, for example).
In this work, the electrochemical behaviour of two cast duplex stainless steels, ASTM A890/A 890M [19] grades 1B and 3A, were investigated. Grade 1B steel contains 3.01 wt.% Cu and grade 3A steel is Cu free. Different levels of hardness were produced by solution treatment and ageing at 450, 500, 550 and 600 • C for up to 1 h. The corrosion resistance was evaluated by electrochemical tests (critical pitting temperature, cyclic polarization and electrochemical impedance spectroscopy (EIS)) in 0.6 M NaCl, 0.3 M H 2 SO 4 and 0.6 M NaCl + 0.3 M H 2 SO 4 solutions. The effect of ageing on the corrosion behaviour of the steels was investigated by comparing the results of samples aged with those solution treated. Microstructural characterization was performed by optical and scanning electron microscopy (SEM). Specimens were observed after the corrosion tests.
Experimental
The two grades of cast DSS, ASTM A890/A 890M grades 1B and 3A [19] , were provided by Sulzer Brazil S/A. The chemical compositions in Table 1 show that the main difference between the two steels is the copper content (3.01% in grade 1B). The pitting corrosion equivalent number (PREN), calculated by PREN = wt.% Cr + 3.3 wt.% Mo + 16 wt.% N [13] was 35.6 for grade 1B and 33.9 for grade 3A.
Samples of both steels were annealed (1100 • C for 1 h followed by water quenching). The objective of the solution annealing heat treatment before ageing was to obtain complete dissolution of the precipitates in the ferrite matrix and at the ␣/␥ interfaces [20] . Then, samples were subjected to a range of isothermal heat treatment from 450 to 600 • C for 1 h. The heat treatment was performed in a muffle furnace.
Vickers hardness tests with a 10 kgf load were performed on each specimen to evaluate the effect of precipitation hardening in both steels.
Metallographic investigations were carried out using optical microscopy (OM). The specimens for microstructural observation were abraded with silicon carbide papers from 120 to 2000 grit. They were polished with several grades of diamond pastes, degreased with alcohol, washed with distilled water, dried with hot air and then, finally, microstructures were revealed using the Beraha reagent (20 mL HCl, 80 mL distilled water, and 1 g of potassium metabisulfide), which made the austenite phase light and the ferrite phase dark. Specimens were then obtained by OM.
The effects of Cu addition on the electrochemical corrosion behaviour were evaluated by analysing the cyclic polarization tests and EIS in naturally aerated 0.6 M NaCl, 0.3 M H 2 SO 4 and 0.6 M NaCl + 0.3 M H 2 SO 4 solutions. Pitting behaviour was studied using critical pitting temperature (CPT) tests. A conventional three-electrode electrochemical cell using a platinum (Pt) grid as the counter electrode, saturated KCl silver/silver chloride (Ag/AgCl) as the reference electrode and the working electrode was constructed using the steel samples embedded in epoxy resin. The working electrode area exposed to the test solution was approximately 0.5 cm 2 . Before the electrochemical tests, the specimens were abraded with silicon carbide paper (up to 600 grit), degreased with alcohol, washed with distilled water and dried with hot air. In order to prevent the possibility of crevice corrosion during measurement, the interface between the sample and resin was coated with transparent lacquer. The tests were initiated after a nearly steady-state open circuit potential (OCP) was developed (60 min), in a potentiostat-galvanostat Autolab model PGSTAT302N. The cyclic polarization and EIS measurements were made at room temperature, 25.0 ± 0.2 • C. Each experiment was run at least three times, and the data showed good reproducibility.
In order to complete the study of the influence of Cu addition and ageing on pitting corrosion resistance of DSSs, CPT values were measured in 1 M NaCl solution using a potentiostatic polarization method [21] . The working electrode was polarized to 700 mV vs. Ag/AgCl (KCl sat.) and the temperature was increased at a rate of 1 • C min −1 until stable pitting had occurred starting from 25 • C. The current was measured against temperature, and the CPT was that corresponding to a current density of 100 A cm −2 .
Cyclic polarization tests were performed by increasing the potential at a scan rate of 1.0 mV s −1 until a current of 1.0 mA was reached, at which point the scanning direction was then reversed. The surface of the specimen subject to polarization was observed just after the test by OM. Impedance spectra were obtained at the corrosion potential with a frequency range from 10 kHz to 2.5 mHz with a signal amplitude perturbation of 25 mV and 7 points/decade. Specimens were observed after the corrosion tests by OM and SEM.
3.
Results and discussion
Metallographic observations
The microstructures of the solution-annealed materials consist of austenite islands (the brighter phase) embedded in a ferrite matrix (the darker phase) without apparent secondary phase precipitation. The nominal volume fractions of both ferrite (␣) and austenite (␥) in all the samples, measured by quantitative OM, remained unchanged with ageing temperature and were close to 50%, the final value was the average of at least 12 measurements, indicating a good balance of both phases. Some previous studies [22] [23] [24] [25] suggested that ageing DSSs in temperatures between 350 and 600 • C would cause spinodal decomposition of the ferrite into chromiumdepleted (␣ ′′ ) and chromium-rich (␣ ′ ) regions. In addition to spinodal decomposition, other precipitation processes would also occur depending on the chemical composition of the steel; the main one being the precipitation of (Cu), Ni, Si, Mo-rich G-phase. Thereby, as mentioned before, copper additions above 1% can lead to -phase precipitation. The grade 1B steel contained 3.10% Cu (Table 1) , suggesting an extrafine precipitate concentration [17, 26] . However, there was no significant change in the microstructures of specimens after ageing between 450 and 600 • C for 1 h, as seen in Fig. 1 . These results are in good agreement with the literature, which reports that microstructural changes in SDSS at low temperatures occur at the nanometric scale and are not visible by OM and/or SEM [9] [10] [11] [12] . 
Inclusions

Precipitation hardening effect
After solution treatment, the hardness of 1B and 3A steels was 235 ± 4 HV10 and 245 ± 8 HV10, respectively, suggesting that Cu does not harden by solid solution. Table 2 shows the increase of hardness ( H) produced in each steel by ageing for 1 h in the 4 temperatures investigated. It is worth noting that these are not the peak hardness at each temperature. It is possible to observe that the hardness of 1B steel (Cu-alloyed specimens) is greater than 3A steel (Cu-free specimens). The higher H observed in 1B steel is attributed to ␣ ′ and (Cu) phase precipitation [17] , which makes a difference in the short-term ageing in all temperatures studied. Between the aged samples, there is a decrease in H values with increasing ageing temperature, which is more intense for Cu-alloyed specimens (1B). The lower hardness observed at 550 and 600 • C characterizes an overageing process. For longerterm ageing, it is expected that Cu-free 3A steel undergoes more pronounced hardening due to the spinodal decomposition of ferrite [3] [4] [5] .
Open potential circuit (OCP)
The evolution of the OCP for 1B and 3A DSSs monitored versus time in 0.6 M NaCl, 0.3 M H 2 SO 4 and 0.6 M NaCl + 0.3 M H 2 SO 4 are shown in Fig. 4 . A higher OCP value usually indicates a decrease in the electrochemical activity of the steel surface [26, 28, 29] . As a general tendency, the potential increased as soon as the samples were immersed in the electrolyte and then stabilized. Comparison of the 1B and 3A samples show that the OCP values obtained for the Cu-free specimens (3A) were always more negative, which is indicative of a more active corrosion surface when compared with the Cu-alloyed specimens (1B). This result could be related to a protective effect of Cu. Additionally, the OCP and the critical time for stabilization of the potential were different according to the immersion medium. The OCP of DSSs immersed in 0.6 M NaCl were more negative, which may indicate a more active corrosion surface when compared with the specimens immersed in an acidic medium. For samples immersed in 0.3 M H 2 SO 4 , the OCP value is negative at first, due to the dissolution of an air formed oxide film, and then increases towards a steady state value after few minutes. On the other hand, the samples immersed in 0.6 M NaCl + 0.3 M H 2 SO 4 electrolyte took more time for stabilization of potential (about 1800 s). According to the OCP values, the addition of Cu to the DSSs composition was beneficial in all the mediums investigated.
Potentiodynamic polarization behaviour
The measurement of a steady-state anodic polarization curve over the wide potential range is usually a first step in studying passivity. The literature shows that the corrosion resistance of stainless steels is primarily attributed to passive film growth on its surface [29] [30] [31] . The changes and breakdown of the passive film directly affect the localized corrosion resistance, leading to pitting corrosion, crevice corrosion, intergranular corrosion and stress corrosion cracking. Therefore, understanding the passivity properties is a key factor for the protection of stainless steels against localized corrosion attacks. One of the most common approaches to reducing localized corrosionrelated failures involves the selection of a suitable alloy. aged presented a low current density, around a few A cm −2 at up to 1.0 V (vs. Ag/AgCl). An abrupt increase of current, for these samples, occurred in the potential range where oxygen evolution could already thermodynamically take place. At higher potentials, the oxygen anodic reaction seemed to participate in pitting nucleation through the formation of a triple interface between the metal, electrolyte and oxygen bubbles [32] . Therefore, the steep increase at ∼1.0 V vs. Ag/AgCl for these samples is likely due but to the onset of oxygen evolution not to pitting corrosion. Fig. 5(a, b) shows similar polarization characteristics for 1B and 3A samples in 0.6 M NaCl solution. The anodic polarization behaviour of both steels consists of active dissolution with no distinctive transition to passivation, passivity and a rapid increase of the current density. However, when the potential reaches the passivation state, a peak was detected at about 400 mV vs. Ag/AgCl in both materials (see the arrows in Fig. 5a,  b) . This anodic peak corresponds to the initiation of pitting corrosion and the repassivation of metastable pits [33, 34] . It is worth noting that this peak was only observed in 0.6 M NaCl solution.
The polarization behaviour of the specimens immersed in 0.3 M H 2 SO 4 (Fig. 5c, d) is somewhat different. The active-passive transition peak was only observed for the 1B DSSs (Cu-containing samples) within the studied potential range (see the arrow in Fig. 5c ). In this way, although the corrosion potentials of 1B samples are more positive than those of 3A specimens, the Cu-free samples (3A) showed a wider passive region in comparison with Cu-containing samples (1B). Based on these results, the addition of Cu has a negative effect on the onset of passivation in 0.3 M H 2 SO 4 solution. Additionally, for 3A steel (Fig. 5d) , the curves of the aged samples were shifted towards more positive potential values. Moreover, the passivation current densities of the aged samples were lower than the solution treated sample. This trend may be an indication of the beneficial effect of short ageing times on the corrosion behaviour of the material.
A great difference in the electrochemical behaviour of samples immersed in 0.6 M NaCl + 0.3 M H 2 SO 4 was observed. When the ageing temperature was extended to 600 • C, the passivation current density increased (from 5 A cm −2 for samples aged at 450 • C to 15 A cm −2 for samples aged at 600 • C), while all samples of grade 1B steel presented similar behaviour in the studied potential range (passivation current density about 8 A cm −2 ). This indicates that the stability of the passive film formed on 3A steel in acidic NaCl solution decreased with increasing ageing temperature, as shown in Fig. 5(f) . It can also be inferred that the film formed on the Cu-free sample is less stable than that in Cu-containing specimens under the same heat treatment conditions in acidic NaCl solution. Fig. 6 is the secondary electron image of the 1B sample aged at 450 • C after potentiodynamic polarization tests in 0.6 M NaCl + 0.3 M H 2 SO 4 . As can be seen, metastable pitting corrosion nucleates primarily at inclusions. Inclusions act as preferential sites for localized corrosion. However, based upon the polarization results, the presence of inclusions does not meaningfully influence the corrosion resistance of either steel in the mediums studied.
Electrochemical impedance responses
Electrochemical impedance spectra were measured at the OCP and the obtained impedance responses are presented in Nyquist and Bode formats for each of the different DSSs in 0.6 M NaCl (Fig. 7 ), 0.3 M H 2 SO 4 ( Fig. 8 ) and 0.6 M NaCl + 0.3 M H 2 SO 4 ( Fig. 9 ). For both 1B and 3A samples, the Nyquist plots have almost the same shape, where depressed capacitive semicircles cover almost all frequency regions. The capacitive arcs did not intersect the x-axis at any point in the frequency interval but rather consisted of partial circles of infinite radii. The appearance of the capacitive loop can be attributed to charge transfer processes associated with the effect of double layer capacitance, and its diameter is related to the charge transfer resistance (R ct ) at the metal/solution interface. The charge transfer resistance, R ct , is commonly used as a measure of the resistance of a metal to corrosion damage. A high value of R ct is associated with a high corrosion prevention capability; a low value of R ct indicates potentially high corrosion activity. The data analysis was taken using NOVA version 1.11 software. The equivalent circuit proposed to fit the obtained experimental EIS data at OCP was R s (CPE R ct ) [35, 36] , which comprises a solution resistance R s , shorted by a constant phase element (CPE) that is placed in parallel with the charge transfer resistance, R ct . An example of the shape of the spectra and quality of the fitting achieved is shown in Fig. 10 . The others had similar behaviour and the measurements have errors in the range between 2 and 5%. The equivalent circuit of one-time constant consists of the following elements: R s (Ohm), used to simulate the value of the uncompensated solution resistance; R ct (Ohm), used to simulate the charge transfer resistance; CPE, the value of the argument of the constant phase element (also referred to as a Y element); and n, the value of the exponent of the CPE. The CPE was introduced to characterize a "capacitance dispersion" related to the capacity of the material surface area with complex surface roughness, inhomogeneous reaction rates on a surface and non-uniform current distribution [33] .
The magnitude of the charge transfer resistance (R ct ) was always higher for the Cu-containing specimens (1B) in each medium investigated. The low R ct values for the specimens without Cu (3A) point towards their high corrosion susceptibilities. This indicates that Cu addition improves the corrosion resistance of the passive film. It was also observed that R ct is always higher in 0.6 M NaCl than in acidic media for both materials (Table 3 ). The R ct values decrease in the order of media NaCl > H 2 SO 4 > (NaCl + H 2 SO 4 ). This fact is sight surprising at first because copper has been observed to considerably improve the general corrosion resistance of stainless steel in sulphuric media [15, 34] . For the samples immersed in 0.3 M H 2 SO 4 solution (Fig. 8) , similar behaviour is observed for both steels; namely, the aged samples presented higher R ct values than the reference sample in the solution treated condition. Again, this trend may be an indication of the beneficial effect of short ageing time on the corrosion behaviour of steel in this environment, which agrees with polarization measurements.
The phase angle vs. frequency reveals a peak at high to low frequencies, which represents the capacitive characters. A highly capacitive behaviour typical of passive materials is indicated from intermediate to low frequencies by phase angles approaching −90 • over a wide range of frequencies in the Bode plots and suggests the formation of very stable surface films.
3.7.
Critical pitting temperature measurements
Potentiostatic CPT measurements were carried out by the potentiostatic method described in ASTM G-150 [21] . Fig. 11 represents typical curves of current density versus temperature for specimens aged at different temperatures for 1 h during the CPT measurement by applying a 700 mV (Ag/AgCl) anodic potential and gradually increasing the temperature.
The CPT corresponds to the temperature in which the current density achieves 100 A cm −2 . Table 4 shows the CPT values obtained.
For both 1B and 3A steels, at the beginning of the test, the value for passivity current density of the annealed sample is significantly higher than that previously reported for passivity current density of stainless steel [37, 38] . This effect was more pronounced for the 1B annealed sample. Similar behaviour was observed for the 3A sample aged at 600 • C. For the other samples, the current density presented a lower value during the initial heating, indicating that the DSS was well protected by the passive film. With increasing temperature, some metastable current transients, which were associated with a film breakdown process occurring in a metastable pit [39] [40] [41] [42] , were observed below the CPT. As the test temperature increased further above the CPT, the current density rose markedly due to the occurrence of stable pits.
The Cu-free samples showed the highest resistance to pitting corrosion as the CPT values of the 1B samples were lower than the CPT values of 3A samples in all conditions. This was not expected, considering that the PREN value of 3A was slightly inferior to 1B (33.9 against 35.6). These results indicate that 3.01% Cu addition is harmful to pitting corrosion resistance in 1 M NaCl.
The mechanism proposed for the reduction of CPT values for samples containing copper is that once the passive layer has been attacked locally by Cl − anions, anodic reactions occur inside a pit or crevice, in which the pH of the solution is low and the Cl − concentration is high. According to the potential-pH-Cl diagram of Cu [43] , depending on the potential inside a pit, Cu dissolves as CuCl − 2 or deposits as metallic Cu in low pH solutions containing Cl − . When Cu deposits, it forms a protective film, as has been reported by others [34, 35] . However, the protective ability of the deposited Cu is diminished if it is unstable in a given environment, or if the amount of deposited Cu is not sufficient to protect the steel surface. Thus, judging by the results of the CPT measurements, the stability of the deposited Cu is sensitive to the temperature, being initially stable at room temperature, and then unstable when the temperature of the test increases.
It is interesting to note that ageing for 1 h in the 450-600 • C range promoted a slight increase of CPT in both steels in comparison to the annealed specimens. A similar result was observed in superduplex steel UNS S32750 aged at 400 and 475 • C, which was attributed to the redistribution of Cr, Mo and other beneficial elements by diffusion during the initial stages of ageing [44] . These treatments provoke hardening and do not • C 1 h 48.6 ± 2 54.0 ± 3 500
• C 1 h 47.2 ± 3 51.5 ± 1 550
• C 1 h 46.7 ± 3 54.9 ± 3 600
• C 1 h 41.6 ± 2 46.2 ± 2 decrease the pitting resistance. The effects on other properties must be investigated. The morphologies of specimens were observed under OM after electrochemical tests and are presented in Fig. 12 . Again, the pitting corrosion was preferentially initiated in the interface between the inclusions and the metallic matrix. According to Jeon et al. [45] , the increase of Cu content increased the oxide inclusions, decreasing the pitting resistance of DSSs. 
Summary and conclusions
This work compared the corrosion behaviour of two cast duplex stainless steels with similar composition but different Cu contents, namely 1B (3.01% Cu) and 3A (Cu-free), both grades of ASTM A890 standard steel. The main conclusions of this comparative work are: a) Metastable pits nucleate preferentially in the inclusions for both 1B and 3A alloys. b) Potentiodynamic polarization results showed that: (i) polarization curves in 0.6 M NaCl display a small peak around 400 mV, still in the passivation range, which is due to metastable pits, as observed in both steels; (ii) the addition of Cu has a negative effect on the onset of passivation in 0.3 M H 2 SO 4 solutions; and (iii) the increase of ageing temperature decreased the stability of the passive film formed on Cu-free samples (3A) in acidic NaCl solution. c) Impedance results showed that Cu addition improved the charge transfer resistance (R ct ) in each of the media studied. d) The CPT measurements revealed that 3.01% Cu addition is harmful to pitting corrosion resistance in chloride media.
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